Cisplatin is a chemotherapeutic drug used to treat a variety of cancers. Both intrinsic and acquired resistance to cisplatin, as well as toxicity, limit its effectiveness. Molecular mechanisms that underlie cisplatin resistance are poorly understood. Here we demonstrate that deletion of the yeast CTR1 gene, which encodes a high-affinity copper transporter, results in increased cisplatin resistance and reduced intracellular accumulation of cisplatin. Copper, which causes degradation and internalization of Ctr1 protein (Ctr1p), enhances survival of wild-type yeast cells exposed to cisplatin and reduces cellular accumulation of the drug. Cisplatin also causes degradation and delocalization of Ctr1p and interferes with copper uptake in wild-type yeast cells. Mouse cell lines lacking one or both mouse Ctr1 (mCtr1) alleles exhibit increased cisplatin resistance and decreased cisplatin accumulation in parallel with mCtr1 gene dosage. We propose that cisplatin uptake is mediated by the copper transporter Ctr1p in yeast and mammals. The link between Ctr1p and cisplatin transport may explain some cases of cisplatin resistance in humans and suggests ways of modulating sensitivity and toxicity to this important anticancer drug. C isplatin [cis-diamminedichloroplatinum(II)] chemotherapy is curative for the majority of patients with advanced testicular cancer, which was almost uniformly fatal before its use, and is also effective for ovarian, bladder, cervical, head and neck, and small-cell lung cancers (1). Many patients with these cancers, however, eventually relapse and become refractory to this drug (2). In contrast to the cancers treatable with cisplatin, common cancers such as colorectal are intrinsically resistant to this drug. Increasing dosage to overcome resistance can cause serious nephrotoxicity and ototoxicity. Understanding the mechanism of intrinsic and acquired resistance to cisplatin is thus critical for developing more effective treatment for cancer.
Cisplatin is a chemotherapeutic drug used to treat a variety of cancers. Both intrinsic and acquired resistance to cisplatin, as well as toxicity, limit its effectiveness. Molecular mechanisms that underlie cisplatin resistance are poorly understood. Here we demonstrate that deletion of the yeast CTR1 gene, which encodes a high-affinity copper transporter, results in increased cisplatin resistance and reduced intracellular accumulation of cisplatin. Copper, which causes degradation and internalization of Ctr1 protein (Ctr1p), enhances survival of wild-type yeast cells exposed to cisplatin and reduces cellular accumulation of the drug. Cisplatin also causes degradation and delocalization of Ctr1p and interferes with copper uptake in wild-type yeast cells. Mouse cell lines lacking one or both mouse Ctr1 (mCtr1) alleles exhibit increased cisplatin resistance and decreased cisplatin accumulation in parallel with mCtr1 gene dosage. We propose that cisplatin uptake is mediated by the copper transporter Ctr1p in yeast and mammals. The link between Ctr1p and cisplatin transport may explain some cases of cisplatin resistance in humans and suggests ways of modulating sensitivity and toxicity to this important anticancer drug. C isplatin [cis-diamminedichloroplatinum(II)] chemotherapy is curative for the majority of patients with advanced testicular cancer, which was almost uniformly fatal before its use, and is also effective for ovarian, bladder, cervical, head and neck, and small-cell lung cancers (1) . Many patients with these cancers, however, eventually relapse and become refractory to this drug (2) . In contrast to the cancers treatable with cisplatin, common cancers such as colorectal are intrinsically resistant to this drug. Increasing dosage to overcome resistance can cause serious nephrotoxicity and ototoxicity. Understanding the mechanism of intrinsic and acquired resistance to cisplatin is thus critical for developing more effective treatment for cancer.
The mechanism by which cisplatin enters cells is unknown. The drug becomes activated once it enters the cytoplasm, where the chloride atoms on cisplatin are displaced by water molecules. This aquated product is a potent electrophile that can react with any nucleophile, including the sulfhydryl groups on proteins and nitrogen donor atoms on nucleic acids. Work from many laboratories has implicated DNA as a critical target for cisplatin cytotoxicity, the most revealing evidence being the hypersensitivity to cisplatin of both prokaryotic and eukaryotic cells deficient in DNA repair (3) (4) (5) . The most prevalent cisplatininduced DNA adduct is an intrastrand crosslink in which the platinum is covalently bound to the N 7 positions of the imidazole ring of two adjacent guanines (6) . The intrastrand crosslinks are repaired by the nucleotide excision repair pathway (7) .
Studies in mammalian cells have identified several genes that affect sensitivity of cells to cisplatin (8) . Overexpression of a multidrug resistance protein MRP2 or a copper-transporting P-type ATPase ATP7B results in increased resistance and decreased cellular accumulation of cisplatin, suggesting that MRP2 and ATP7B may facilitate cisplatin efflux (9, 10) . Genes that alter intracellular levels of thiols, which are highly nucleophilic and can react with intracellular cisplatin, have been demonstrated to affect levels of resistance to cisplatin by sequestering intracellular cisplatin (11) . Mouse cell lines deleted for MSH2, a mismatch repair protein, exhibit increased cisplatin resistance (12) . It is hypothesized that mismatch repair proteins detect the cisplatin-induced damage and initiate a series of events that result in cell cycle arrest and death.
In the budding yeast Saccharomyces cerevisiae, biochemical and genetic screens have identified several genes that govern cisplatin resistance (8, (13) (14) (15) . The mechanisms by which most of these genes affect cisplatin resistance are not known. It has been suggested that the Ixr1 protein, which binds cisplatinated DNA (16) and whose absence leads to increased cisplatin resistance, shields cisplatin-DNA adducts from repair (5).
Here we describe the identification of the CTR1 gene as a major determinant governing cisplatin resistance and accumulation in yeast and mice. (18) . A PCR fragment was used to add a hemagglutinin (HA) epitope sequence or the GFP gene, followed by the HIS3 gene, at the C terminus of the genomic CTR1 gene. Both CTR1-HA and CTR1-GFP complemented the cisplatin-resistant phenotype of the ctr1⌬ mutant.
Materials and Methods
Selection for Cisplatin-Resistant Mutants. The mTn-lacZ͞LEU2-mutagenized library was a generous gift from M. Snyder (Yale University) (19) . Strain YSI1 was mutagenized with the transposon library and resistant mutants were selected on SC-Leu plates containing 0.2 mM cisplatin and 2.7 mg͞ml NaCl at 30°C. percentages of unstained cells compared with control cultures not exposed to cisplatin.
Preparation of Cells for Platinum Measurement. After cisplatin treatment, cells were washed twice with PBS and lysed with 1% Triton X-100͞0.1% SDS. After a 3-min centrifugation at 15,000 rpm at 4°C in a Microfuge (Beckman), the supernatant was used to determine protein concentration by the bicinchoninic acid (BCA) protein assay (Pierce) and platinum content by atomic absorption spectrophotometry. The platinum reading was normalized to protein concentration.
Atomic Absorption Spectrophotometry. Platinum was measured by using a Perkin-Elmer atomic absorption spectrometer (AAnalyst 100 and 3300) with an HGA-800 and HGA-400 graphite furnace system. A volume of 20 l was introduced into the graphite furnace and the peak area was read during a 5-s atomization step at 2,500°C. The amount of platinum in the samples was determined from a calibration curve prepared by using cisplatin solutions. 
Results
Yeast Mutants with Increased Cisplatin Resistance. To identify genes involved in cisplatin resistance, we mutagenized wild-type yeast cells with a transposon library and selected for mutants able to grow in the presence of a toxic dose of cisplatin. The mutant that showed the highest degree of resistance was defective in the MAC1 gene. Deletion of the complete MAC1 ORF resulted in a 2.5-fold increase in cisplatin resistance relative to wild-type cells; the number of cells that survived a 2-h treatment with 1 mM cisplatin was 1,000 times greater in the mac1⌬ mutant than in wild-type cells (Fig. 1A) . MAC1 encodes a protein that activates transcription of catalase genes and genes involved in uptake of copper and iron (20) (21) (22) (23) . To address whether increased cisplatin resistance of the mac1⌬ mutant is due to the inability to transcribe a Mac1p target gene, we deleted each of its known target genes, namely, CTR1, FRE1, FRE7, CTA1, and CTT1, and measured the sensitivity of the mutants to cisplatin. Of the five mutants, only the ctr1⌬ strain showed a level of resistance similar to the mac1⌬ mutant (Fig. 1 A) . These observations suggest that CTR1 is the major target for Mac1p with respect to cisplatin resistance.
CTR1 encodes a high-affinity copper transporter (24) . Cells deleted for CTR1 are resistant to growth inhibition caused by high levels of copper in the medium, fail to grow on low-copper medium, and are defective in enzymes such as superoxide dismutase and in cellular activities such as iron uptake and respiration that require copper (24, 25) . To determine whether the cisplatin resistance of ctr1⌬ mutants results from an effect on intracellular proteins that mediate intracellular copper trafficking and utilization, we measured cisplatin resistance of atx1⌬, ccc2⌬, fet3⌬, lys7⌬, sod1⌬, cox17⌬, and sco1⌬ mutants (26) . Significant increases in cisplatin resistance as compared with the ctr1⌬ mutant in quantitative assays were not observed (Fig. 1B) .
Thus, defects in proteins involved in intracellular copper distribution or utilization apparently do not play a major role in cisplatin resistance in yeast.
We also tested for involvement of other yeast copper transporters in cisplatin sensitivity: another high-affinity transporter, Ctr3p, and two low-affinity transporters, Ctr2p and Fet4p (27) (28) (29) . Deletion of CTR2 or FET4 did not affect cisplatin resistance (Fig. 1C) . Deletion of CTR3 resulted in a slight increase in cisplatin resistance (Fig. 1D) . Although the yeast Ctr1 and Ctr3 proteins have redundant roles in copper uptake, they have distinct structural features that could be responsible for a difference in their function in cisplatin resistance. These observations indicate that, of the yeast copper transporters, Ctr1p plays the most prominent role in governing cisplatin resistance.
Cisplatin Accumulation in Yeast ctr1⌬ Mutants. To understand the basis for cisplatin resistance in ctr1⌬ strains, we first compared the level of cisplatin-DNA adducts in wild-type and ctr1⌬ mutant cells, because the formation of DNA adducts is the major cause of cisplatin toxicity (30) . As shown in Fig. 2A , the amount of cisplatin bound to DNA during a 2-h incubation with 1 mM cisplatin in the mutant cells was approximately 59% of that in wild-type cells, in which platinum was calculated to be bound to DNA at a ratio of 1 molecule per 14 base pairs. To determine whether the reduced level of cisplatin-DNA adducts in the mutant is due to enhanced excision repair, we examined the level of adduct formed in a ctr1⌬ strain incapable of excision repair because of deletion of RAD2 (31). We observed that the level of adduct was also reduced in the ctr1⌬ rad2⌬ strain, to 35% of the level formed by the isogenic CTR1 rad2⌬ strain (Fig. 2 A) , indicating that enhanced excision repair is not responsible for the increased cisplatin resistance exhibited by ctr1⌬ mutants. To 
and sco1⌬ (YSI34). (C) Cisplatin sensitivity of low-affinity copper transporter mutants, ctr2⌬ (YSI35) and fet4⌬ (YSI36). (D) Cisplatin sensitivity of high-affinity copper transporter mutants in the BR10 strain background (22). Strains were DTY1 (CTR1 CTR3), SKY52 (ctr1⌬ CTR3), SKY44 (CTR1 ctr3⌬), and SKY46 (ctr1⌬ ctr3⌬).
determine whether cellular accumulation of cisplatin is affected in the ctr1⌬ mutant, we measured the level of platinum in wild-type and mutant cells treated with 1 mM cisplatin for 2 h. Fig. 2B shows that the level of cisplatin accumulation in the ctr1⌬ mutant was only 56% of that exhibited by wild-type cells. This decrease in cellular accumulation of cisplatin is likely to reflect decreased drug uptake and not increased efflux, because we did not see a significant increase in drug clearance in the ctr1⌬ mutant relative to wild-type after cisplatin was removed from the medium and cells were further incubated for 6 h (S.I. and I.H., unpublished observations). Therefore, decreased drug uptake is likely to be responsible for the lower cisplatin adduct level observed in the ctr1⌬ mutant and consequent increased survival.
A Link between Cisplatin and Copper Transport in Wild-Type Yeast
Cells. We observed striking effects of copper on cisplatin resistance in wild-type cells. When 0.1 mM copper was added to the medium, survival of wild-type cells was increased 2-fold (Fig.  3A) ; cellular accumulation of cisplatin was decreased 2-fold (Fig.  3B) . We have also found that cisplatin reduced uptake of 64 Cu into wild-type cells; when treated for 2 h with 1 mM cisplatin, the level of 64 Cu uptake was 16% of that of mock-treated cells (Fig.  3C) . Such a decrease was not observed in the ctr1⌬ mutant. These observations demonstrate that copper and cisplatin have the ability to reduce each other's uptake and that this reduction is dependent on CTR1.
Prior studies have shown that the level of Ctr1p is regulated by copper concentration; high copper triggers internalization and degradation of Ctr1p (25, 32) . We found that cisplatin also caused the level of Ctr1p to decrease; incubation of wild-type cells with 0.1 mM cisplatin for 2 h in the presence of a protein synthesis inhibitor led to a 3-fold decrease in Ctr1p (Fig. 4A) . Furthermore, when cells that produce a Ctr1p-GFP fusion protein were treated with 1 mM cisplatin, a reduced level of the fusion protein was detected at the plasma membrane, and clustering of Ctr1p-GFP appearing as a punctate signal was observed (Fig. 4B ). These observations provide further support for a link between Ctr1p and cisplatin transport.
Analysis of Mouse Ctr1
Knockout Cell Lines. Mammals contain functional homologues of the yeast CTR1 gene, hCtr1 in humans and mCtr1 in mice, which complement a yeast ctr1 mutant for intracellular copper deficiency (33, 34) . To test for a potential role of mammalian Ctr1 in cisplatin resistance, we prepared mouse cell lines from two independent embryos that were wild-type, heterozygous, or homozygous for a knockout allele of mCtr1 (35) and tested their cisplatin sensitivity. As shown in Fig.  5A , homozygous mutant cells were 8-fold more resistant than wild-type cells to cisplatin, and heterozygous cells were 4-fold (A) Accumulation of cisplatin-DNA adducts in wild-type (WT) and isogenic ctr1⌬ mutant strains. Strains were YSI1 (wild-type), YSI22 (ctr1⌬), YSI16 (rad2⌬), and YSI27 (rad2⌬ ctr1⌬). Genomic DNA was purified from cells treated with 1 mM cisplatin for 2 h in YPD. Platinum was measured using an atomic absorption spectrometer. Numbers represent absorption by atomized platinum divided by A 260 of each DNA sample. (B) Cellular platinum accumulation in wild-type (YSI1) and ctr1⌬ mutant (YSI22) strains. The amount of platinum in whole cells was measured using the atomic absorption spectrophotometer after incubating cells with 1 mM cisplatin for the indicated times. Numbers were obtained by dividing the reading from the spectrophotometer by the OD 600 of the culture at each time point. more resistant than wild-type cells to cisplatin. Similar results for survival were obtained using an independent pair of wild-type and homozygous mutant cell lines. The levels of cisplatin accumulation were also reduced accordingly (Fig. 5B) : heterozygous cells exhibited a 35% reduction in cisplatin accumulation compared with wild-type cells; homozygous mutant cells exhibited a 70% decrease. A similar graded reduction in copper uptake was also observed with the wild-type, heterozygous, and homozygous mutant cell lines (J.L. and D.J.T., unpublished observations). These observations suggest that mCtr1 protein functions as a cisplatin transporter in mouse cells and that its human homologue, hCtr1, which is 92% identical to mCtr1, may mediate cisplatin uptake as well.
Discussion
Our genetic observations on yeast and mouse demonstrate that the high-affinity copper transporter Ctr1 plays a major role in cisplatin uptake. The effects of a ctr1 deletion on cisplatin resistance in yeast seem to be specific to this mutation and not secondary to starvation for intracellular copper, because mutants defective in other copper transporters and͞or copper utilization did not display an increase in cisplatin resistance similar to that in the ctr1⌬ mutant. The ability of copper and cisplatin to decrease each other's uptake in wild-type yeast cells but not in the ctr1⌬ mutant and the ability of cisplatin to down-regulate and delocalize Ctr1 protein support a direct involvement of Ctr1p in cisplatin transport.
The mechanism of cisplatin uptake has been unclear. Inability to saturate the rate of cisplatin uptake has been taken to indicate a simple diffusion mechanism, whereas the presence of a variety of agents that do not alter plasma membrane permeability but affect cisplatin uptake has suggested that uptake may be mediated by plasma membrane proteins (36) . It has been proposed that Ϸ50% of the initial rate of uptake is due to passive diffusion and that the remaining 50% is due to facilitated diffusion through an as-yet-unidentified gated channel (36) . Our work has identified Ctr1 to be a major protein governing cisplatin uptake in yeast and mice that could be responsible for facilitated uptake of cisplatin. The residual cisplatin uptake observed in yeast and mouse ctr1⌬ mutants (Figs. 2B and 5B) could be due to diffusion across the plasma membrane or to additional transport proteins. We do not yet understand how Ctr1p mediates uptake of cisplatin. Ctr1p has three putative transmembrane domains and forms at least a dimer in yeast and mice (25, 37) . Hence, Ctr1p might serve as a channel. Another possibility is that cisplatin uptake is coupled to endocytosis and͞or degradation of Ctr1p. Although we cannot exclude the possibility that Ctr1p plays a much less direct role in cisplatin uptake, our genetic studies have ruled out involvement of several effectors downstream of Ctr1 and of other copper transporters in cisplatin uptake.
Our work offers additional perspectives on the molecular mechanism of intrinsic and acquired resistance to cisplatin, which represents a major impediment to successful treatment of cancer, and may facilitate development of more effective therapy. Differences in the effectiveness of cisplatin treatment among different cancers or individuals may reflect the activity of Ctr1p. Our findings on Ctr1p as a major determinant of cisplatin uptake may make it possible to enhance the efficacy of the drug by, for example, selectively increasing the activity of Ctr1p in tumors that are intrinsically resistant or that have acquired resistance to cisplatin. Similarly, it may be possible to reduce cisplatin-induced nephrotoxicity and ototoxicity by downregulating Ctr1p in normal cells.
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